Phosphorus deficiency was induced in sugar beet plants (Beta vulgaris L. var. F5855441), cultured hydroponically under standardized environmental conditions, by removal of phosphorus from the nutrient supply at the ten leaf stage 28 days after germination. C02 and water vapor exchange rates of individual attached leaves were determined at intervals after P cutoff. Leaves grown with an adequate nutrient supply attained net rates of photosynthetic CO2 fixation of 125 ng CO2 cm-2 sec-' at saturating irradiance, 25 C, and an ambient CO2 concentration of about 250 ,l I-'. After P cutoff, leaf phosphorus concentrations decreased as did net rates of photosynthetic C02 uptake, photorespiratory evolution of C02 into C02-free air, and dark respiration, so that 30 days after cutoff these rates were about one-third of the control rates. The decrease in photosynthetic rates during the first 15 days after cutoff was associated with increased mesophyll resistance (rm) which increased from 2.4 to 4.9 sec cm-', while from 15 to 30 days there was an increase in leaf (mainly stomatal) diffusion resistance (r,') from 0.3 to 0.9 sec cm-', as well as further increases in rm to 8.5 sec cm-'. Leaf diffusion resistance (ri') was increased greatly by low P at low but not at high irradiance, rz' for plants at low P reaching values as high as 9 sec cm-'.
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Much of the phosphorus found in the sugar beet plant is in the inorganic form and has many roles in cell metabolism (2) . In particular, the coenzyme ATP, which acts as an intermediate energy transfer compound in such cell functions as photosynthesis, respiration, biosynthesis, stomatal opening, and the transfer of organic solutes across membranes, requires inorganic phosphate in its formation from ADP. It is to be expected, therefore, that deficiency of phosphorus would have wide ranging effects on cell function.
Phosphorus deficiency has been shown to diminish protein synthesis, increase carbohydrate content (7, 13, 21) , and decrease moisture content (6, 17) . Reports of the effects of phosphorus deficiency on photosynthesis (CO2 uptake or O0 evolution), however, are varied: moderate deficiency was found to diminish photosynthesis in spinach (4), tobacco (13) , and subterranean clover (5) , but had no effect initially on barley (10, 15) , sunflower (22) , or horsebean (1) . Similarly effects of moderate phosphorus deficiency on respiration vary from little or none (3, 10, 16 ) to significant retardation (4, 22, 23) .
The effects of phosphorus deficiency on photosynthesis and respiration have been determined mainly for plants other than sugar beets. Also, the data were obtained from plants grown in only partially controlled environments, so that other environmental variables may have interacted with phosphorus deficiency, thus complicating interpretation. In the present work sugar beet plants were grown in chambers under standardized cultural conditions so that the progressive effects of phosphorus deficiency on photosynthesis and respiration could be systematically studied independently of other environmental changes. CO2 and water vapor exchange of leaves was determined using a leaf chamber in an open flow gas circuit of the type described by Terry et al. (24 Determination of Leaf Gas Exchange. The apparatus which was employed for the determination of the parameters of leaf gas ex-43 change has been described elsewhere in detail (24) ; only a brief description of its salient features is presented here. The leaf was placed in a chamber mounted in an open flow gas circuit. Carbon dioxide and water vapor concentrations of the air entering and leaving the chamber were determined using an infrared gas analyzer (for C02) and dewpoint hygrometer and thermistor psychrometer (for water vapor). Leaf temperature was measured using two mobile thermistors which could be located at any point on the surface of the leaf.
Procedure. At about 4:00 PM on the day before leaf-gas exchange parameters were to be measured, the selected plant was brought from the growth chamber to a constant temperature laboratory (25 C) , and an attached leaf was placed in the leaf chamber. The leaf chosen was generally the largest of the young expanding leaves and about 2 to 3 dM2 in area. Air was suppLied to the leaf which was placed in the dark over night. At 8:00 AM the following day, the CO2 exchange rate (dark respiration, RD) was determined over a 45-min interval. The leaf was then irradiated for 2 to 3 hr, during which time leaf temperature and CO2
and water vapor exchange usually attained constant values which were recorded. Leaf temperature was maintained at 25 ± 0.5 C by means of a thermostated waterjacket.
The ambient CO2 concentration, Ca, at which gas exchange parameters were determined was approximately 500 ng CO2 cm-3 air; subsequent gas exchange determinations were made over 60-min intervals at Ca values of 350, 200, and 100 ng CO2 cm-3 air, and finally at a value of Ca attained when C02-free air was passed over the leaf. As the air inside the leaf chamber was well mixed, Ca was taken to be equal to the outlet air CO2 concentration. At each value of Ca, and after determining the CO2 exchange in normal air containing approximately 21 % oxygen, CO2 exchange was determined in oxygen-free air (nitrogen).
The experiment was terminated after measuring the evaporation rate and surface temperature of a piece of wet green blotting paper cut to the same size and shape as the leaf sample and placed in the leaf chamber under as nearly identical conditions as possible to those for the sample leaf.
Calculation of Gas Exchange Parameters. In the calculation of CO2 and water vapor exchange parameters, we have followed the procedure and terminology (where possible) outlined by Slatyer (19) . For convenience, the main concepts are restated here.
Transpiration rate,E, may be expressed in the following way:
where CJ' and Ca' are the concentrations of water vapor at the surfaces of the mesophyll cell walls and in the bulk air, respectively, ra' the resistance to diffusion of water vapor from the leaf surface to the bulk air, and rT' the resistance to diffusion from the surfaces of the mesophyll cell walls to the external leaf surface.
C.' was assumed to be the saturation vapor concentration at leaf temperature. Since the air within the chamber was thoroughly mixed, Ca' was obtained from the water vapor pressure of the air leaving the chamber. ra' was determined from measurements of evaporation and surface temperature of the blotting paper leaf analog. Hence rT' for the real leaf was obtained by substitution of the measured values in equation 1. Similarly, the net CO2 exchange rate, F, may be expressed as Ca-C1t' C-Cc (2) r. + ri r,ŵ here rm represents the resistance to CO2 movement from the surfaces of the mesophyll cell walls to the intracellular site of photosynthesis and Cc, the CO2 concentration at that site. The other terms of equation 2 correspond to those of equation 1, except that they refer to CO2 not water vapor. In line with Slatyer's procedure, ra = 1.35 ra' and rT = 1.56 rT'. The CO2 compensation point, F, and the rate of photorespiratory evolution ofCO2 from the leaf into C02-free air, RL, are defined as follows: F = C,,, when F = O, and RL = F when C,, = 0. As the relation between Fand C,,, was found to be linear (Fig. 1) Figure 1 shows the relationships of three gas exchange parameters with CO2 concentration: these parameters are (a) net C02 exchange rate in oxygen-free air, F*; (b) net CO2 exchange rate in normal air containing about 21 %l oxygen, F; and (c) the resistance of the leaf to the diffusion of water vapor,rl'. These data show that F and F* were linearly related with ambient CO2 concentration (Fig. 1A) , and with the internal leaf CO2 concentration at the surfaces of the mesophyll cell walls (Fig.1B) , at least up to about 200 to 300 ng CO2 cm-3 air; at higher concentrations there was a departure from linearity and the slopes of the curves decreased.
The diffusion resistance, rT', was unchanged by increase in CO2 concentration up to 300 to 400 ng C02 cm-3 air, but increased at higher CO2 concentrations.
Thus, because of the changing nature of the relationships of F, F*, and rl' with ambient CO2 at concentrations above 300 to 400 ng CO2 cm-3 air, it was decided that comparisons between control and phosphorus-deficient leaves should be made at an ambient CO2 concentration of 300 ng CO2 cm-3 air (at saturating irradiance and 25 C) (see Fig. 2 ).
Also, the data shown in Figure 1 (Fig. 2A) . The rates of photosynthesis, F and F* (Fig. 2B) , and of light and dark respiratory CO2 evolution, RL and RD, respectively (Fig. 2C ), decreased steadily with time so that 30 days after cutoff the rates were of the order of one-third of the initial rates. The CO2 compensation point, F, initially decreased, perhaps because the rate of respiratory C02 evolution dropped more sharply at first than did the rate of photosynthetic CO2 uptake, but F eventually increased (Fig. 2D) . The mesophyll resistance, rm and rm*, respectively (Fig. 2F) ; decreases subsequent to this time were associated with increases in leaf diffusion resistance, r 1 (Fig. 2E) , as well as with increases in rm . These data suggest, therefore, that photosynthetic and respiratory metabolic activities were the first processes to be affected by phosphorus deficiency and that this was followed by increases in leaf diffusion resistance due presumably to partial closure of stomata.
Changes with Iradiance. Changes in F*, F, and rl' for a leaf from a 26-day phosphorus-depleted plant with increase in irradiance are shown in Figure 3 (the data were obtained at an ambient CO2 concentration of 250 ,ul 1-' air at 25 C). F and F* were apparently saturated at about 30 to 40 mw visible radiation cm-2 for the control leaf. At low levels of irradiation, the diffusion resistance, r t', of the phosphorus-depleted leaf reached the high values of 9 sec cm-l, but decreased rapidly with increase in irradiation until at about 35 to 40 mw cm-2 it equalled the diffusion resistance of a standard-grown leaf (Fig. 3C ). Thus at low levels of irradiation the diminished values of Fand F* of the phosphorus-depleted leaf were attributable in part to the very high leaf (mainly stomatal) diffusion resistance; at high levels of irradiance, however, phosphorus deficiency apparently had little effect on stomatal opening.
DISCUSSION
The data we obtained for the net CO2 exchange of "normal" leaves, those leaves grown under standardized conditions with full nutrient supply, were comparable with recent data obtained by other workers for sugar beet. Under conditions of light saturation, 25 CO2 cm-2 sec'I (68 mg CO2 dM-2 hr-') in oxygen-free air. Similar high rates for sugar beet were obtained by Hall (11) and Elmore (8) . Respiration rates in the dark, RD, (measured 15 hr after the dark period commenced) in our experiments were about 5 ng CO2 cm-2 sec-', and agreed closely with those of Hall (11) . Respiration rates in the light determined as the rate of CO2 evolution in C02-free air, RL, were about six times greater than respiration in the dark.
Rates of photosynthetic CO2 fixation were diminished as soon as phosphorus concentrations in the leaf began to decrease, within 3 days after P cutoff. These diminished rates were associated with increased mesophyll resistance, rm. Part of rm is attributable to the "resistance" of the carboxylation process itself, the rate of which is partially determined by the rate of production of ATP and NADPH by the light reactions of photosynthesis. Evidence that P deficiency affects ATP and NADPH was obtained by Tombesi et al. (25) , who showed that low P decreased the photosynthetic activity and the rate of ATP and NADPH formation of Beta vulgaris chloroplasts. Reduction in Hill activity with low P has been found in tomato chloroplasts (20) also indicating that production of ATP and NADPH would be slowed by low P. Phosphorus deficiency apparently does not affect photosynthesis through chlorophyll content since low P either increases or has no effect on the concentration of chlorophyll in leaf tissue (3, 4, 14, 16, 25) . Eventually, with more severe phosphorus deficiency, stomatal resistance, ri, increased, further reducing photosynthetic rates, but the initial effect of low P was on rm .
Phosphorus deficiency diminished rates of respiratory CO2 evolution in the dark, RD, as well as in the light, RL, to about one-third after 30 days. Rates of oxidative phosphorylation and of glycolysis, which together represent a large part of CO2 evolution in the dark, have been shown to be diminished by low P in Effects of irradiance on three gas exchange parameters of a leaf from a plant cultured under standardized environmental conditions (0), and for a leaf from a plant cultured for 26 days in a nutrient solution without phosphorus (A). A: Changes in photosynthetic C02 uptake in 02-free air, F*; B: changes in photosynthetic C02 uptake in normal air (21% 02), F; C: changes in leaf diffusion resistance, ri'. corn (23) . The effect of low P on light respiration could occur in several ways: for example, low P slowed down photosynthesis so there may have been less substrate for photorespiration. Alternatively since ATP and NADPH (produced via photophosphorylation) would be required to convert the by-products of photorespiration, such as serine, back into an intermediate of the Calvin cycle (9) , then the reduced levels of ATP and NADPH at low P may have slowed photorespiratory CO2 evolution due to product inhibition.
leteraction of irradiation intensity with leaf phosphorus content on the rates of photosynthesis, F and F*, a phenomenon observed elsewhere (1, 14) , was not apparent here, but there was an interaction effect on leaf diffusion resistance, r1'. At low light rl' increased from 1 sec cm-' to 9 sec cm-' with decrease in P supply, whereas at saturating irradiances there was no effect of P supply on ri'. As the change in ri' with light intensity was almost certainly attributable to changes in stomatal diffusion resistance, it appeared that the effect of low P on stomatal aperture in low light could be overcome in strong light. The mode of action whereby stomatal aperture was affected by low P was probably related in some way to ATP formation since ATP has been implicated in stomatal opening (26) .
